In Brief Rowan et al. find that APs are not uniformly represented across the axon arbor of SCs. Rather, spike duration is subject to local variation, determined at individual release sites, by clustering of fast-activating K + channels, thus contributing to release heterogeneity.
INTRODUCTION
Spike width has a profound influence on neurotransmission, for the action potential (AP) is the command waveform directing Ca v channel opening, and release probability is steeply dependent on Ca 2+ concentration (Borst and Sakmann, 1999; Sabatini and Regehr, 1997) . Recent work has shown that AP shape, determined in part by K + -mediated currents, may be adaptively regulated with Ca v channel abundance (Hoppa et al., 2012 (Hoppa et al., , 2014 . That Ca v channels are organized in a synapse-specific manner is well-appreciated (Holderith et al., 2012; Sheng et al., 2012) . Yet the AP is classically viewed as a monotypic binary pulse transmitted throughout the entire extent of an axon, obviating synapse-level control of AP width. Despite this simplistic view, axons achieve a high degree of specificity in the organization and functional influence of both Na v and K v channels to impart compartmentalized control of membrane excitability within their structure . For example, the restricted abundance of Na v channels at terminal release sites has been shown to attenuate APs, in part, defining release probability and contributing to short-term plasticity (Kawaguchi and Sakaba, 2015; Leã o et al., 2005; Wu et al., 2004) .
Unlike the terminal endings of projection neurons, APs in axons of local interneurons encounter frequent presynaptic boutons arranged en passant whose morphology and molecular composition may impose a highly localized alteration in waveform as the spike propagates from one release site to the next, yet this remains relatively unexplored. More broadly, quantitative measurements from the axons of CNS interneurons indicate that AP signaling is regulated by a non-uniform subcellular organization of Na v and K v channels. In fast-spiking hippocampal interneurons, Na v channel density scales with distance from the soma to ensure fast and reliable AP propagation in an extensively branching arbor (Hu and Jonas, 2014) . In cerebellar stellate cells (SCs), spike repolarization is differentially tuned by distinct K v channel types at the axon initial segment (AIS) and presynaptic boutons, limiting use-dependent spike broadening to the AIS (Rowan et al., 2014) . Therefore, it is likely that representation of the AP within an axon may be more heterogeneous than previously thought, influenced by the types and availability of ion channels at any particular region.
Here, using methods to directly sample APs at different locations within the same axon of cerebellar SCs, we find that spike width varies between presynaptic boutons. Spike repolarization is driven by fast-activating K v 3-type channels whose clustered organization at release sites allows APs to be shaped by the K + conductance immediate local at one bouton site, independent of other sites. Together, our results point to a much broader functional signaling repertoire for APs in axons where differences in spike width contribute to the heterogeneity of release efficacy, thus multiplying the signaling range of these structures.
RESULTS

AP Width Varies between Axonal Boutons
We studied the functional properties of SC axons in acute cerebellar slices using targeted subcellular recording. To visualize axons, SCs were filled somatically during whole-cell recording with a fluorescent dye and imaged with two-photon (2P) microscopy. The boutons of labeled axons were optically targeted for loose-seal patch recording under continuous imaging using fluorescent pipettes (Sasaki et al., 2012 ) ( Figure 1A ). Somatically elicited APs were resolved in the axon as rapid action currents with inward and outward components corresponding to the depolarizing and repolarizing phase of the underlying AP, respectively. The peak-to-peak timing of these components closely approximates AP half-width (Rowan et al., 2014; Sabatini and Regehr, 1997; Sasaki et al., 2011; Yang and Wang, 2006) . Using two axonal electrodes, simultaneous recordings were obtained from boutons located on nearby branches (Figures 1A and 1B) .
Comparison of axonal action currents revealed considerable variability in duration between recording sites (Figures 1B and 1C) , independent of bouton order or distance from the soma ( Figure 1D ), indicating that the rate of AP repolarization is not constant within an axon. Action current duration was unchanged during repetitive spiking (20 Hz; Figures S1A and S1B, available online), suggesting that differences persist despite ongoing suprathreshold activity. Differences in AP duration between recording sites were also observed at near-physiological temperature (32 C), in mature mice (>6 weeks old and 32 C; Figure 1C) , and during spontaneous firing (16.2 ± 2.7 Hz; Figures S1C and S1D).
In a separate set of experiments, we used voltage-sensitive dye (VSD) imaging to record APs at several axon locations. After filling with the VSD di-2-AN(F)EPPTEA (Acker et al., 2011 ) during whole-cell recording ( Figure 1E ), somatically evoked APs were (B) Axonal action currents were elicited by somatically evoked APs. In the enlarged view, superimposed currents are aligned by the peaks of their inward components with the width difference indicated by the double-headed gray arrow. (C) Group data summary of action current (AC) width comparisons for multisite axon recordings. Differences in width are expressed as a ratio between same-cell measurement locations. Conditions were not significantly different from one another (p > 0.05; one-way ANOVA with Tukey's multiple comparison test). (D) Action current widths are plotted for multisite axon recordings as a function of distance from the axon hillock. Same-cell measurements from a common axon are connected (mean distance between boutons 28.3 mm; range 9.2-46.8 mm; R1 branch between sites). (E) Representative SC image with bouton VSD recording sites depicted in the inset. (F) APs recorded with 2P VSD imaging from two boutons on the same axon. Examples are shown from boutons separated by a branch point (left) or near neighbors on the same branch (right). (G) Summary data for multisite VSD imaging of boutons (different branch [R1 branch between sites], mean distance 24.9 mm, range 19.9-52.5 mm; and same branch, mean distance 5.9 ± 0.8 mm, range 1.0-11.1 mm). Spike width varied to a greater extent between boutons located on separate branches (*p = 0.03; MannWhitney test). (H) APs from a bouton as well as a site on the connecting shaft recorded using 2P VSD imaging. (I) Relative to their adjoining bouton, APs in shafts were broader in duration (*p < 0.0001; paired t test; mean distance between recording locations 5.9 ± 0.8 mm). (J) Orthodromic AP broadening in axon shafts depends on distance from the bouton. A monoexponential fit to grouped data (4 mm bins) yielded a length constant (l) of 3.9 mm (*p < 0.05; one-way ANOVA with Dunnett's multiple comparison test). For all summary graphs, data are expressed as mean (±SEM) and shown in black with individual data points in gray. See also Figure S1 .
resolved in axons at high temporal resolution from diffractionlimited points of interest with non-scanning 2P excitation (Rowan et al., 2014) . Similar to electrophysiological measurements, spike width varied between boutons located on separate branches ( Figures 1F and 1G) , with the average absolute difference in AP duration comparable with both methods (0.21 ± 0.06 and 0.19 ± 0.04 ms; p = 0.94; unpaired t test; patch recording and VSD imaging, respectively). Unlike electrode recording, 2P VSD imaging allows for targeted subcellular recording without spatial constraint, including boutons within the same axon branch ( Figure 1E ). In paired measurements from within-branch boutons, variability in AP width was also apparent ( Figures 1F and 1G ), despite their close apposition. However, spike width was less variable relative to measurements from boutons belonging to different branches ( Figure 1G ), indicating increased regional homogeneity in AP repolarization rate within individual axon branches.
To assess the spatial extent by which spike width is locally determined within an axon branch, we used VSD imaging to record APs in both a bouton and its outwardly connecting shaft ( Figure 1H ). In this comparison, we biased recordings to relatively isolated bouton-shaft pairs where the next apparent bouton on the branch was >5 mm distal to the shaft recording location. Orthodromic APs were consistently broader in duration in shafts relative to boutons ( Figure 1I ), indicating that differences in AP width within an axon branch are not a simple reflection of random variability. As APs propagated from boutons into shafts, broadening occurred in a distance-dependent manner with a length constant (l) of 3.9 mm ( Figure 1J ). Together, these results demonstrate that AP width within SC axons is not uniform. Rather, spike duration varies on an exquisitely fine spatial scale, indicating a high degree of compartmentalization in determination of AP repolarization rate.
Axonal Geometry and AP Width
If AP width is not uniform in an axon, then there must be local attributes that impose alteration of spike shape. As APs course through axons, they encounter complex geometric features, including frequent branch points and varicose enlargements at presynaptic boutons where discontinuities in impedance may alter spike propagation (Goldstein and Rall, 1974; Lü scher and Shiner, 1990) . To assay how the relative geometric relationship of boutons and their adjoining shafts affects the width of a spike, we used compartmental modeling with simulated APs. To constrain our model, we quantified the structural details of SC axons using three-dimensional reconstructions from serial-section electron microscopy (EM) images ( Figure S2 ). Notably, in these images there was no obvious oligodendrocyte ensheathment of shafts, indicating that SC axons are unmyelinated.
From these ultrastructural measurements, we developed a simplified compartmental model of an SC axon with reduced morphological complexity ( Figure 2A) ; however, the diameters of shafts and boutons were constrained by mean values obtained from EM analysis (153 and 374 nm for shafts and boutons, respectively; Table S1 ). Within a test region containing a single bouton-shaft pair (Figure 2A ), the geometric ratio (Segev and Schneidman, 1999) (GR) varied with bouton diameter (range 244-804 nm; e.g., GR = 3.8, mean bouton diameter). Axons were populated with uniform arrangements of fast-activating Na v and K v channels (Engel and Jonas, 2005; Lien and Jonas, 2003) , resulting in APs with durations (802-857 ms) similar to our experimental measurements. Analysis of AP duration over a range of realistic GR values indicated that axonal geometry modestly contributes to local width changes of spikes in SC axons ( Figures 2B and 2C) . However, even the largest geometric mismatches between boutons and shafts (GR R 12) failed to recapitulate our experimental observations. We sought to experimentally assess whether AP duration is related to axonal geometry by comparing the spike widths of two boutons on the same branch, recorded using VSD imaging, to their relative volumetric difference. As structural features of SC axons approach the resolution limit of 2P microscopy, we used the fluorescence intensity of a chromatically compatible inert intracellular dye (Oregon Green 488) as measure of bouton volume (Svoboda, 2004) . However, differences in AP width did not co-vary with bouton size ( Figure 2D ). As a second approach, we experimentally imposed an increase in GR between boutons and shafts and measured for an accompanying change in AP width. Perfusion of a hyposmotic extracellular solution induced rapid ($30 s) enlargements of axonal structures (Babila et al., 1990; Pullarkat et al., 2006 ) with a greater volume change in boutons relative to shafts (Figures 2E and 2F) . Despite an apparent GR increase, AP width was unaffected ( Figure 2G ; 1.07% ± 0.04% of control, n = 8, p = 0.12; paired t test). Together, these results suggest that impedance mismatches alone, determined by the variable geometry of varicose boutons and their attached axon shafts, do not account for the local differences in AP width within axons of SCs.
K v 3 Channels Contribute to Variability of AP Width
An emerging view suggests that axons are composed of discrete functional domains whose excitability is each determined by the unique complement of channels specific to that region . In SCs, K v 3-type channels direct spike repolarization at boutons, but not the AIS, indicating a regional influence of these channels in the control of spike signaling (Rowan et al., 2014) . We examined the possibility that the select influence of K v 3 channels at boutons imparts control of spike repolarization on a much finer spatial scale, thus contributing to differences in AP width within and between axon branches. As previously reported (Rowan et al., 2014) , bath application of the K v 3 channel modulator BDS-I (Yeung et al., 2005) or the blocker TEA (Coetzee et al., 1999; Ishikawa et al., 2003) broadened APs in boutons ( Figures 3A and 3B ) measured with VSD imaging. Surprisingly, APs were unaffected in axon shafts ( Figures 3A and 3B) , suggesting a bouton-specific role for K v 3-mediated currents in determining spike repolarization. This location-dependent effect of TEA reduced the difference in AP width between boutons and connecting shafts ( Figures 3C and 3D ). The normalizing effect of TEA was not due to technical errors related to VSD imaging (Figure S3) . Furthermore, AP width became more uniform between boutons in TEA when measured with either VSD imaging or loose-seal recording ( Figures 3E-3H ). Thus, in the absence of K v 3-mediated currents, spike duration is less variable in SC axons, directly implicating these channels in subregional control of AP width.
Non-uniform K + Conductance Density in Axons
The location-specific role of K v 3 channels in determining AP repolarization specifically at boutons is indicative of a high degree of K + channel organization within SC axons. To functionally evaluate voltage-gated K + channel activity, we measured pharmacologically isolated K + currents in axons in the cellattached recording configuration (membrane seal resistance 13.4 ± 1.2 GU; n = 98) obtained using small open-tip diameter pipettes ( Figures S4A and S4B ). Cells were simultaneously voltage clamped at the soma (À80 mV) during axonal recordings to mitigate changes in intracellular membrane potential induced by maximally activating voltage pulses elicited by the axonattached pipette (Williams and Wozny, 2011) . Depolarization of the axonal patch evoked fast K + currents (t < 2 ms) in most boutons (13 of 19 patches; p < 0.05; one-sample z test; Figures 4A and 4C), whereas in shafts, patches with fast outward currents were rare (2 of 13 patches; p > 0.05; one-sample z test). Accordingly, the average activation rate (t) of K + currents was slower in shafts compared to boutons ( Figure 4C ). A barely discernable conductance attributable to an unknown K + channel type was apparent in many shaft recordings and in the few bouton patches lacking fast currents ( Figures 4A-4C ). To convert currents to conductance density ðg K + Þ, we determined patch area with capacitance measurements ( Figures S4C and S4D ). Peak g K + was highly variable in boutons (coefficient of variation [CV] = 144%), with g K + exceeding 100 mS$cm À2 in some measurements ( Figure 4D ). On average, g K + was greater in boutons compared to shafts (Figures 4A and 4D) . In a subset of data presented above, we used a non-morphological method to demarcate putative release sites for targeted patching. Molecular layer interneurons, including SCs, were virally transduced in vivo with high specificity ( Figure 4E ) with the vesicular protein synaptophysin tagged with YFP (Syph-YFP; Figure 4F ). Syph-YFP was segregated to small punctate areas of SC axons, usually corresponding to varicose bouton swellings ( Figure 4F ). When patch recordings were targeted to varicose axonal sites expressing Syph-YFP, fast-activating K + currents were encountered in most patches (t < 2 ms, 5 of 7 patches; p < 0.05; one-sample z test; Figure 4G ). In patches lacking Syph-YFP sampled from non-varicose axon areas, fast-activating currents were seldom encountered (t < 2 ms, 1 of 5 patches; p > 0.05; one-sample z test) and g K + was significantly less than at Syph-YFP sites (Figures 4G and 4H) . Together, these observations indicate a non-uniformity of K + currents in SC axons, with clusters of fast-activating channels at bouton release sites and their restriction from shafts. (G) Superimposed APs, measured in the same bouton using 2P VSD imaging, in control and following hypotonic swelling. VSD imaging locations are depicted by the crosshairs in the fluorescence images. In the summary graph, AP width in boutons remained unaffected despite geometric alteration (p = 0.07; F test, wherein slope = 0 for the null hypothesis). See also Figure S2 and Table S1 .
K v 3-Mediated Currents at Boutons
For pinceau terminals of basket cell molecular layer interneurons, fast-activating K + currents are likely mediated by a combination of both K v 1 and K v 3 channels (Southan and Robertson, 2000) , similar to the calyx of Held and mossy fiber boutons in the hippocampus and cerebellum (Alle et al., 2011; Ishikawa et al., 2003; Ritzau-Jost et al., 2014) . To study the potential contribution of K v 3 channels in SC boutons, we pharmacologically inhibited K v 1 channels by inclusion of dendrotoxin-I (DTX) (Alle et al., 2011) in the axonal patch pipette. Fast-activating currents were encountered in bouton patches during maximally activating depolarizing pulses, although infrequently ( Figure 5A ; 9 of 19; p > 0.05; one-sample z test), suggestive that pharmacological separation by channel type may reveal a more elaborate clustered arrangement of channels on the bouton membrane. For biophysical analyses, we used a selection criterion rejecting patches with slow activation kinetics (t > 2 ms), which correlated with negligible current density ( Figure S5A ). For pharmacologically isolated K v 3-mediated currents, activation was rapid for maximally activating pulses ( Figure S5B ; t = 0.59 ± 0.07 ms; n = 9) with a midpoint potential similar to that of K v 3 currents in both inhibitory interneurons and hippocampal mossy fiber boutons (Alle et al., 2011; Lien and Jonas, 2003) ( Figure 5B ; V half = À14.6 mV; n = 4).
In fast-spiking interneurons, K v 3 channels may result from the co-assembly of both K v 3.1 and K v 3.4 subunits (Baranauskas et al., 2003) , with the composite current activation profile reflecting the influence of both channel types. Using K v 3.1 À/À knockout (KO) mice (Ho et al., 1997) , K v 3-mediated currents exhibited a negative shift in activation voltage compared to wild-type (WT) mice ( Figure 5B ; V half = À38.0 mV; n = 4), in agreement with the observation that channels composed of K v 3.1 subunits activate at more positive voltages (Baranauskas et al., 2003) . Correspondingly, in boutons of K v 3.4 À/À KO mice, currents had a positive shift in the midpoint of activation (Figure 5B ; V half = À2.9 mV; n = 5), in keeping with the more negative activation range of K v 3.4 channels (Baranauskas et al., 2003) . Additionally, when compared to WT mice, K v 3-mediated mean peak g K + ( Figure 5D ) was reduced in both K v 3.1 À/À (64.5 ± 16.4 mS$cm 2 ; n = 6; p = 0.03; Mann-Whitney test) and in K v 3.4 À/À KO mice (59.9 ± 29.3 mS$cm 2 ; n = 5; p = 0.03; Mann-Whitney test).
Having functionally identified constituent subunits of K v 3 channels, we sought to further examine for the possibility of clustered arrangements of these channels in SC axons. Therefore, we virally transduced SCs with YFP-tagged K v 3.4 subunits (K v 3.4-YFP). Despite overexpression, we observed punctate K v 3.4-YFP fluorescence along the axon localized at boutons (Figure S6A ), the level of which was only weakly correlated with bouton volume ( Figure S6B) . Notably, the fluorescence intensity of puncta varied considerably between neighboring sites ( Figure S6C ), suggesting that subunit composition or abundance is not uniform across boutons.
K v 3-Mediated Currents Are Predominant during APs
Although a pure K v 3 channel blocker is unavailable, low-concentration TEA (1 mM) inhibits K v 3 with high selectivity while keeping K v 1 channels relatively unblocked (Coetzee et al., 1999; Ishikawa et al., 2003) , including DTX-sensitive channels expressed in SCs (Rowan et al., 2014) . Fast-activating currents were apparent in a minority of recordings with TEA ( Figure 5A ; 8 of 17 patches; p > 0.05; one-sample z test). Examining these putative K v 1 currents, mean peak g K + was significantly reduced compared to measurements in DTX, indicating that the K v 3-mediated conductance likely predominates at boutons (Figure 5D ). K v 1 channels typically activate at lower voltages than K v 3 (Dodson and Forsythe, 2004) . Accordingly, in TEA, currents were shifted to lower activation voltages ( Figure 5B ; V half = À32.1 mV; n = 5) with respect to K v 3 currents measured in DTX. Fast-activating K + currents were absent when both DTX and TEA were included in the cell-attached pipette ( Figure 5A ; 8 of 8 patches). Thus, these results indicate that although both K v 1 and K v 3 channels are expressed at boutons, K v 3-mediated currents are the major voltage-activated K + conductance at these presynaptic sites.
To determine the current contribution of these K + channel types during an AP, we drove channel opening from a physiological membrane potential with an AP-like voltage waveform kinetically similar to an axonal spike measured with VSD imaging (+30 mV peak). Peak g K + was substantially greater for pharmacologically isolated K v 3 currents than for those mediated by putative K v 1 channels ( Figures 5E and 5F ), indicating that during spiking, the K v 3-mediated conductance is overwhelmingly predominant. The relative recruitment of available K v 1 and K v 3 channels by a spike, determined by comparing currents evoked by the AP-like waveform to those of a square pulse to a maximally activating potential (Baranauskas et al., 2003; Martina et al., 2007) (Figure 5G ), was similar in both channel types (23.8% ± 7.5% and 16.6% ± 3.4%; K v 1 and K v 3, respectively; p = 0.94; Mann-Whitney test). Because K v 3 and K v 1 currents displayed similar activation kinetics at suprathreshold voltages (Figures S5B and S5C) , the predominant recruitment of K v 3-mediated currents during an AP likely results from their greater relative availability. See also Figure S4 .
AP Duration Is Shaped by the Local Availability of K v 3-Mediated Currents
From our patch measurements, the peak K v -mediated g K + varied considerably from bouton to bouton ( Figure 5D ) and was significantly greater in boutons with respect to interconnecting shaft regions ( Figure 4D ), suggesting that the relative availability of K v 3 current may be an underlying factor in the local determination of AP duration. We returned to compartmental modeling to systematically explore how the distribution of K v 3-mediated currents at boutons may affect local spike repolarization. We focused on width changes of propagating APs in the shaft due to the predictability of distance-dependent duration changes observed experimentally ( Figure 1J ). We found that a uniform K v 3-mediated conductance at boutons resulted in little change in AP duration throughout the axon shaft test region ( Figure S7A ). However, increasing K v 3 conductance density at the test bouton relative to surrounding boutons led to a more rapid AP that broadened as the spike propagated into the shaft ( Figures  S7A, S7C , and S7D). Spike broadening in the shaft was enhanced by an accompanying increase in GR at the bouton (Figures S7A and S7C-S7E), a factor that multiplied the effect of K v 3 conductance density on AP duration at the test site. Thus, the variable availability of K v 3 current at boutons can impart local changes in AP width, an effect amplified by impedance mismatches dictated by differential axon geometry.
Bouton-Specific Control of AP Duration by Clustered K v 3 Organization
Our findings suggest that the clustered arrangement of K v 3 channels at boutons imparts local tuning of spike repolarization between release sites in SC axons. If so, AP duration should be set by K v 3 channels immediately local to an individual bouton and resistant to alteration in channel availability at other presynaptic sites. To experimentally determine the spatial extent by which K v 3 channels influence AP repolarization, we used 2P laser uncaging (2PLU) of the photolyzable K + channel blocker RuBi-4AP (Zayat et al., 2003) to locally inhibit fast-activating K + channels at individual boutons and probe for changes in spike duration using simultaneous 2P VSD imaging.
When laser pulses were directed near the periphery of targeted boutons, photo-liberated 4AP was sufficient to induce AP broadening (Figures 6A and 6B ; also observed in mice >6 weeks; 32 C; 129.0% ± 12.2% increase from matched control; n = 9; p = 0.03; paired t test). This effect began to reverse rapidly ( Figure 6B ), likely owing to the small focal volume of 2P excitation and diffusion. When uncaging points were repositioned slightly away from the target bouton, 2PLU failed to induce spike broadening ( Figure 6C ), indicating that the area of 4AP-mediated channel block was likely constrained to a region encompassing approximately a single bouton. These results confirm that K + channels in the immediate vicinity of an individual bouton shape spike duration at that site. If the rate of AP repolarization is determined at an individual bouton, then it is expected that broadening in one bouton would not be reflected at nearby boutons. To address this question, we recorded APs in interleaved trials from two boutons located in close proximity on the same branch and used 2PLU of RuBi-4AP to induce a substantial increase in spike width (R15% of control) at the first site ( Figure 6D ). Despite an alteration at the test location, we found that spike broadening was highly reduced in orthodromic APs measured at the second site ( Figure 6E ). This result could be recapitulated in our compartmental model by simulating the loss of g K + at the test bouton ( Figure S7F ), indicating that the local availability of K v channels is a critical determinate of this effect. Together, these results confirm that AP repolarization is shaped in a highly localized manner, thus allowing boutons to individually tune spike width independent of other release sites. 4AP inhibits both K v 1 and K v 3 channels (Coetzee et al., 1999) , though K v 3 channels are particularly sensitive to 4AP block (Alle et al., 2011; Ishikawa et al., 2003; Southan and Robertson, 2000) . To examine for the specific role of K v 3 channels in 2PLU-induced AP broadening, we repeated RubBi-4AP uncaging experiments including TEA in the bath solution to occlude K v 3 channels. In this condition, spike duration was relatively insensitive to Rubi-4AP uncaging (Figures 6F and 6G) . A similar result was also observed in matched comparisons made at the same bouton, where spike broadening was induced by RuBi-4AP uncaging prior to TEA application (123% ± 6.0% and 107% ± 6.2% of control AP duration; control and TEA, respectively; n = 5; p < 0.05; paired t test). In contrast, Rubi-4AP uncaging continued to (E) Spike broadening induced by Rubi-4AP uncaging at target boutons was highly reduced in orthodromic APs measured at nearby boutons (*p = 0.009; mean distance between boutons 12.6 ± 2.2 mm). In this analysis, we used test boutons that were substantially broadened by 2PLU of Rubi-4AP (R15%). (F) APs measured in boutons before and briefly following Rubi-4AP uncaging in a background of bath applied DTX (200 nM) or TEA (500 mM). (G) Group data comparison showing the effect of 2PLU of Rubi-4AP on AP duration in control, DTX, or TEA. 2PLU pulses without 4AP failed to induce a change in spike duration (*p < 0.05). Significance determined with one-way ANOVA followed by Tukey's multiple comparison test (B and G) or with a paired t test (C and E). In summary graphs, mean values (±SEM) are shown in black with data from individual patches in gray. See also Figure S7 .
induce spike broadening in DTX (Figures 6F and 6G) . Thus, the local availability of K v 3 channels governs spike repolarization rate at individual boutons in SC axons, with K v 1 channels playing an insignificant role. Although we cannot rule out the possibility that low abundance of K v 1-mediated current was insufficient to impart local control of AP repolarization, we found that substituting slower delayed rectifier K + channels for K v 3 in our model greatly increased the apparent length constant of spike broadening following the simulated uncaging condition ( Figure S7G ). This suggests that the biophysical features of K v 3 channels are particularly well-adapted for spatially restricted control of spike repolarization in SC axons.
Spike Width Differences Contribute to Heterogeneity of Release Efficacy
To examine how local determination of spike width at SC boutons contributes to control of neurotransmission, we measured AP-evoked GABA A autoreceptor (pre-GABA A R) currents (Pouzat and Marty, 1999) . In voltage-clamped cells, brief depolarizing pulses (0.5-1.0 ms; +10 mV) elicited unclamped spikes at the soma, followed immediately by a transient synaptic current mediated by the evoked release of GABA and subsequent binding to pre-GABA A Rs expressed on the axon ( Figures 7A and 7B ). Autoreceptor currents were also resolved in simultaneous axonattached recordings from boutons, showing rapid kinetics and inhibition by the GABA A R antagonist GABAzine ( Figures 7A  and 7B ). Following block of K v 3 channels with TEA (1 mM) to induce AP broadening, we measured an increase in the peak amplitude of the pre-GABA A R current at the axon recording site (136.3% ± 14.1% of control amplitude; n = 9; p = 0.03; Wilcoxon matched-pairs test) as well as a delay in the time to peak current (134.2% ± 10.3% of control; n = 9; p = 0.02; paired t test) ( Figure 7C ). Thus, like at other synapses, spike width at SC boutons affects not only the release probability but also synaptic delay (Borst and Sakmann, 1999; Boudkkazi et al., 2011; Regehr, 1996, 1997) . In many cell types, including SCs, release probability varies between presynaptic sites, in part reflecting differences in vesicle docking sites and Ca v channel abundance and organization (Holderith et al., 2012; Sheng et al., 2012; Trigo et al., 2012) . Local regulation of AP duration between boutons may also contribute to release heterogeneity, but this possibility remains largely unexplored. We observed a wide range of paired-pulse ratio (PPR) values (0.52-1.58; 50 ms interstimulus interval) across all bouton recordings (mean PPR, 1.05 ± 0.04; n = 24), similar to population data from paired recordings of interconnected SCs (Christie et al., 2011) . Using multisite electrode recording at boutons located on different axon branches, we observed non-uniformity in the PPR of AP-evoked pre-GABA A R currents ( Figure 7D ; normalized PPR [PPR bouton2 /PPR bouton1 ], 123.0% ± 4.6%; n = 7 pairs), confirming that release efficacy varies along the axon of SCs (Pulido et al., 2015) . Furthermore, this observation indicates that the pre-GABA A R responses recorded at each axon site must be mediated by the activity of largely non-overlapping synaptic populations.
To study how local control of AP repolarization may contribute to release heterogeneity, we constrained the area of K v channel block with targeted 2PLU of Rubi-4AP to a small subregion of the axon ($15 mm in length) surrounding the axon recording site ( Figure 7E ). Uncaging induced both a prolongation of the AP recorded at the bouton test site (130.3% ± 10.6% of control width; p = 0.006; n = 7; paired t test) and an increase in pre-GABA A R amplitude and synaptic delay (143.7% ± 18.6% and 135.0% ± 13.1% of control; amplitude and time to peak, respectively; both p < 0.05; n = 7; Wilcoxon matched-pairs tests; Figure 7E ). Consistent with an alteration in strength of neurotransmission, uncaging also produced a change in PPR at the axon site ( Figure 7F) ; however, the PPR of the somatic current remained unchanged ( Figure 7F ), likely due to sampling of abundant pre-GABA A R activity from non-target axon regions. Therefore, by locally setting spike duration, and hence the AP-evoked Ca 2+ entry (Rowan et al., 2014) , the availability of K v 3 channels at individual SC boutons must be a contributing factor to differences in release efficacy and timing among synapses on the same axon.
DISCUSSION
We show that in axons of cerebellar SCs, spike duration varies within the axon, including among neighboring boutons on the same branch. Local modulation of spike waveform results from a non-uniform organization of voltage-gated K + channels, including clustering of fast-activating K v 3 channels at presynaptic sites. Such organization yields a powerful adaptive property allowing individual release sites to locally shape the duration of a propagating spike, dependent on the local abundance of K v 3 channels and separate of other sites. This feature allows for tuning of neurotransmission in a near synapse-by-synapse manner, thus contributing to the heterogeneity of release, an important factor permitting flexibility in neural circuit signaling.
Local Determination of AP Duration in Boutons
The perception that APs propagate as a static waveform throughout the entire axon has been continuously challenged in a variety of neuron types in both invertebrates (Lin, 2012; Nagano and Cooke, 1987) and vertebrates (Kawaguchi and Sakaba, 2015; Kole et al., 2007) . Our results indicate that although spikes are reliably transmitted in SC axons, the duration of the AP frequently deviated from one presynaptic site to the next. This phenomenon may also occur in other neuron types. For example, whole-cell measurements from hippocampal mossy fiber boutons show considerable variation in spike duration within the sample population (i.e., 254-533 ms) (Geiger and Jonas, 2000) , although direct observations from multiple sites on a single axon are lacking. In this report, we used multisite axon recording and found significant variability in spike duration within the axon of individual SCs, including nearby boutons on the same branch. Control of spike signaling is often partitioned in axons and dependent on non-uniform distributions of voltage-gated ion channels, including K + channels Trimmer, 2015) . In SC axons, our functional mapping revealed fast-activating K + channels at presynaptic boutons that were largely excluded from shafts, indicating a high degree of specificity in their subcellular organization. That the length constant of AP broadening in the shaft was less than that expected for purely passive signals, including those with a high frequency content such as an AP, indicates that the organization of active currents is paramount for this effect.
APs are autoregenerative signals with repolarization largely determined by K + currents. By clustering K + channels at presynaptic locations in SCs, AP duration is shaped on a very local scale dependent on K + currents immediately available at an individual bouton. In this way, spike broadening induced by focal block of K + channels in a target bouton is highly reduced in the orthodromic spike measured at near-neighbor sites. Comparatively, focally induced AP broadening in axons of L5 pyramidal cells (Kole et al., 2007) and hippocampal CA3 neurons (Sasaki . Summary data show that the autoreceptor current, measured at either at the axon or soma, was GABA A R mediated. (C) At the axon, TEA induced an increase in the peak-to-peak duration of the action current and a corresponding increase in the amplitude of the synaptic pre-GABA A R response. In the magnified view on the right, dashed lines show that the time-to-peak response of the pre-GABA A R current in TEA was also delayed relative to the control response. (D) Multisite recording of pre-GABA A R currents from the same axon. The dotted line indicates the amplitude of the first response for paired stimuli. (E) Targeted 2PLU of Rubi4AP (300 mM) over a small region of axon centered at the recording location (20-30 pulses; over $15 mm of axon). Currents corresponding to the AP and pre-GABA A R response are shown for control and uncaging conditions. (F) GABA A R responses following two closely timed APs in both control and uncaging conditions from the same recording location. Summary plots show uncaging induced changes in PPR at the axon recording site, but not at the soma (*p = 0.007; paired t test). For all summary graphs, mean values (±SEM) are shown in black with data from individual patches in gray outline. et al., 2011) may extend for much greater distances, perhaps owing to differences in the types and organization of K + channels. Although, in L5 pyramidal cells regulation of AP repolarization by DTX-sensitive K v 1 channels in axon collaterals may occur in a more localized manner (Foust et al., 2011) , suggesting that local shaping of APs may be a generalizable feature of unmyelinated axon regions.
K v 3-Mediated Currents in Boutons
Following pharmacological block of K v 3, AP duration was much more uniform in the axons of SCs, indicating that the organization of this fast-activating channel type is a key parameter permitting heterogeneity of spike repolarization within individual axons. In cell-attached patches from SC boutons, we recorded K + currents mediated by both K v 1-and K v 3-type channels. The same current complement has also been reported for the pinceau axon specializations of cerebellar basket cells (Southan and Robertson, 2000) , a closely related interneuron type in the molecular layer (Sultan and Bower, 1998) . Although currents mediated by both K v 1 and K v 3 channels contribute to AP repolarization in the boutons of some cell types (Hoppa et al., 2014; Ritzau-Jost et al., 2014) , we found that the conductance carried by K v 3-mediated currents predominates when driven by an APlike waveform from a physiological resting membrane potential, likely explaining why AP repolarization is determined by this channel type rather than K v 1 (Rowan et al., 2014) . At hippocampal mossy fiber boutons, fast-opening K v 3 channels outpace other channel types to direct spike repolarization (Alle et al., 2011) . However, we did not measure an appreciable difference in K v 1 and K v 3 activation rates at suprathreshold potentials, suggesting that relative availability, rather than rapid and efficient opening, is the determinate factor guiding K + channel participation in AP repolarization in SC axons. The reasons for these celltype-specific differences are not clear; however, neurons may achieve state-dependent control of K + channels by differential phosphorylation or assembly with accessory subunits to precisely determine excitability (Macica and Kaczmarek, 2001; Rettig et al., 1994; Ritter et al., 2012) .
In myelinated axons, K + channels are known to cluster in macromolecular complexes at nodes of Ranvier and, in the case of K v 3, are dependent on interactions with the membrane-bound proteins (Devaux et al., 2003) . Our work points to differences in the current density of clustered K v 3 channels at release sites as the underlying factor contributing to variability in spike duration in SC axons. The trafficking, sequestration, and complexing of K + channels in unmyelinated axons are, in general, poorly understood (Trimmer, 2015) , and hence the mechanistic underpinnings resulting in the differential expression density of K v 3 at SC boutons remain unclear. It is important to note that variability in our patch measurements may stem from sampling random channel clusters on the membrane of individual boutons. In fact, fast-activating K + currents weren't apparent in many bouton patches, an observation that was more common following pharmacological isolation of K v 1 and K v 3 currents, suggestive of partitioning of these channels types. However, microclustering of K v 3 channels within a bouton would not necessarily prevent local shaping of APs, as the average conductance density across the bouton would still likely affect spike duration given the small and uniform nature of bouton morphology. Whether differences in K v 3 channel abundance at other synapses including mossy fiber boutons (Alle et al., 2011) are sufficient to impart a change in AP duration is unknown.
K v 3 Channel Types K v 3 channel gating properties vary with subunit composition, including the voltage dependence of activation (Baranauskas et al., 2003) . Using KO mice, we identify diminished K v 3-mediated current density in boutons as well as phenotypic alteration in activation voltage accompanying loss of either K v 3.1 or K v 3.4, indicating that these subunits are constituent components of K v 3 channels in SC axons. K v 3.4 channels have a hyperpolarized activation voltage that is amenable to efficient recruitment during an AP (Baranauskas et al., 2003) , perhaps contributing to the high K + flux required for local tuning of AP waveform, as indicated by our modeling. Interestingly, replacing K v 3 channels with a slower delayed rectifier type in our simulations increased the apparent length constant of AP broadening, indicating that the biophysical features of K v 3 channels are well-suited to support local control of AP shape. As K v 3 subunits can co-assemble to form functional channels with intermediate gating features (Coetzee et al., 1999) , it may be that the K v 3 subunit composition is differentially regulated across SC release sites, determined by development or plasticity, imparting differential control of local spike duration. However, we did not systematically explore the subunit stoichiometry of K v 3 channels in SC axons.
Axon Geometry and AP Duration
Ultrastructural inspection of SC axons revealed a compact electrotonic structure amenable to local spike shaping. SC axons are thin, include frequent geometric swelling at presynaptic boutons, and are likely unmyelinated given the conspicuous absence of oligodendrocyte ensheathment. Though the varicose morphology of boutons may impose a substantial electrical load, or impedance, to an invading AP (Goldstein and Rall, 1974; Lü scher and Shiner, 1990) , our experimental and modeling data indicate that it is unlikely that geometry alone distorts the waveform to sufficiently account for the variability in AP duration we measured in individual SCs. Similar to the unmyelinated axons of CA3 pyramidal cells in the hippocampus (Shepherd and Harris, 1998) , the geometric difference between boutons and their adjoining shafts in SCs is quite small. However, our modeling results indicate that bouton geometry may work in combination with the variable expression density of K v 3 channels to amplify changes in AP duration. Yet we found no predictable relationship between AP duration and bouton size, indicating that the organization of K + channels may be regulated independent of morphological features.
Local Control of AP Duration and Neurotransmission
As shown previously in SC boutons, spike repolarization rate directs Ca v channel opening and Ca 2+ influx, and therefore determines release efficacy (Rowan et al., 2014) . In this report, using axon-targeted recording of pre-GABA A R-mediated currents, we find intersynaptic variability of release probability that can be locally modified by the duration of the AP at a bouton release site. Release heterogeneity, even within individual axons of SCs, depends on many structural and molecular properties, including the number of vesicle docking sites (Pulido et al., 2015; Trigo et al., 2012) , whose attributes likely stem from the abundance of presynaptic Ca 2+ channels that scale with bouton size, similar to other small central synapses (Holderith et al., 2012) .
We propose that variation in AP-evoked Ca 2+ entry may not only reflect variability in Ca v channel number but also underlying differences in AP width, and may be set independent of bouton size (Ermolyuk et al., 2012) if Ca v and K v channel abundance is set independently. However, adaptive plasticity may drive changes in AP duration through modification of presynaptic K + channels in lockstep with the organization and abundance of Ca v channels to maintain release probability in a useful signaling range (Hoppa et al., 2012 (Hoppa et al., , 2014 , indicating a concerted interplay between spike repolarization and Ca 2+ channel availability and regulation. AP broadening is also well-suited to affect synaptic timing (Boudkkazi et al., 2011) , as Ca 2+ entry mainly occurs during spike repolarization Regehr, 1996, 1997) . Thus, local control of AP duration at individual release sites is likely an important feature contributing to heterogeneity in both the timing and strength of neurotransmission from sites on the same axon, representing an additional element contributing to the diverse coding range of synapses necessary for many computations. The absolute relationship between AP repolarization, Ca 2+ entry, and effect on neurotransmission likely requires additional investigation, as GABA A R receptor saturation at SC synapses will blunt the amplitude change of the synaptic response following an increase in release probability (Pulido et al., 2015) . Additionally, a clustered organization of fast-activating K + channels may be metabolically advantageous, as the energetic cost of AP signaling is thought to consume substantial amounts of ATP to maintain and restore ionic gradients (Alle et al., 2009; Carter and Bean, 2009) . By limiting K + channel activity to synapses, spike repolarization may be modulated in a more energyefficient manner.
EXPERIMENTAL PROCEDURES
Experimental Procedures are described in detail in the Supplemental Experimental Procedures. All animal procedures were approved by the Max Planck Florida Institute for Neuroscience Animal Care and Use Committee.
Presynaptic Recordings from SC Axons SC recordings were performed in cerebellar slices prepared from C57Bl/6 mice (post-natal day [P]15-P54) at 24 C or 32 C. Axonal loose-seal or channel recordings were guided with fluorescently labeled pipettes to axonal sites of interest. The voltage-sensitive dye di-2-AN-(F)EPPTEA (30 mM; L. Loew; University of Connecticut Health Center) was included in the intracellular solution for voltage imaging experiments. All imaging was performed with a 2P laser scanning microscope (Ultima; Bruker Corp.) using an Olympus upright microscope (BX51WI) and objective (603, 1.0 NA), and excitation provided by a mode-locking Ti:sapphire laser (Chameleon Ultra II; Coherent Inc.).
RuBi-4AP Uncaging
The photolyzable voltage-gated K + channel blocker bis(2,2 0 -Bipyridine-N,N') bis(4-aminopyridine-N1) ruthenium (RuBi-4AP; Abcam) (Zayat et al., 2003) was recirculated in the bath solution and uncaged with rapid pulses (750 nm; 2 ms) from a second mode-locked laser (Chameleon Ultra II; Coherent Inc.). Pulses were modulated with a Pockels cell. Uncaging sites were directed within close proximity ($0.5 mm) of targeted boutons using a set of galvanometer mirrors independent of the imaging path, allowing for rapid positioning of the photolysis beam.
Electron Microscopy and 3D Reconstructions
Axons of SCs were ultrastructurally reconstructed from P19 mice using aldehyde-fixed cerebellar tissue. Ultrathin serial sections ($70 nm) were imaged with a transmission electron microscope (Tecnai G2; FEI) at 80 kV. Image stacks were manually inspected to identify axon fragments of SC interneurons. Areas containing SC axons were cropped for reconstruction and analysis using RECONSTRUCT software (Fiala, 2005) .
Compartmental Model and Simulations
Simulations of AP propagation were performed using the NEURON environment (Hines and Carnevale, 2001 ) and analyzed using MATLAB (Mathworks).
Compartmental model morphology was set to represent a simplified SC axon. Simulations included both voltage-gated Na + and K + channels implemented as Hodgkin-Huxley-type models.
Intracranial Viral Injections
Stereotactic injections were performed on mice (P18-P28) under anesthesia. Viruses were injected into the cerebellar vermis. After allowing 14-42 days for expression, animals were sacrificed and the cerebellum used for acute slice preparation. 
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